Oxy-fuel combustion is currently one the promising options for carbon capture. Nonetheless, there are some technical barriers that hinder the deployment of the technology in commercial scale, being the oxygen production the most energetic costly step.
Introduction
Research studies have long identified greenhouse gas (GHG) emissions to be associated with global warming [1, 2] . The temperature of the planet has been increasing to dangerous levels specially in the last few decades due to intense human activity. The energy demand is increasing in such an unsustainable way that green technologies are not developed enough to keep up with this growth, making us rely on the burning of fossil fuels, thus emitting even more GHG into the atmosphere. Public awareness impacted the legislation in well-developed countries and contributed to make global leaders discuss the issue in the last few years. For instance, many talks have taken place during the COP-21 in Paris in 2015 where specialists have agreed that reducing GHG emission must be achieved as soon as possible. However, 41% of the currently global energy demand is still supplied by coal-fired power plants [3] . Global leaderships are encouraging the use of non-fossil fuel sources, such as nuclear energy, tidal, wind, solar and biomass [4] but it is unlikely that other alternative energy will completely substitute fossil fuels in the near future, mainly because the technology maturity is not capable yet to supply the increasing energy demand. Therefore, we must develop technologies to mitigate CO2 emissions from carbon-intensive fossil sources.
One approach named Carbon Capture and Storage (CCS) plays an important role in recovering CO2 from fossil fuel-fired power plants flue gas and transporting it to suitable storage locations rather than being released into the atmosphere. The three most studied techniques to provide energy and capture carbon dioxide from the industrial flue gas are classified as post-combustion, oxy-combustion and pre-combustion technologies [5] .
Pre-combustion technology is based on converting the fuel into a mixture of CO2 and hydrogen, usually denominated as syngas [6] . Amongst the major challenges of developing this technology there is the maturity readiness which hinders considering pre-combustion technologies for industrial application. Post-combustion technology, on the other hand, comprises the removal of CO2 from the flue gas after the combustion take place. It differs from the oxy-combustion approach in the very combustion step where the hydrocarbon fuel reacts with air rather than an oxygen-rich environment, which results in a flue gas composition where carbon dioxide accounts only for 10 to 20% (differently from oxy-combustion where the flue gas is composed basically by CO2 and vapour). Yet, research demonstrated that post-combustion technologies are, so far, the most economically feasible alternative to be deployed industrially [7] . Amongst the techniques to remove carbon dioxide from the flue gas, there are amine scrubbing, membrane separation and adsorption on solids or in liquids as the ones generally studied.
At last, oxy-combustion technologies rely on the combustion of fuel in the presence of pure oxygen rather than air. In such technology, the air is previously separated in an Air Separation Unit (ASU) into nitrogen and oxygen highly pure streams. The oxygen stream is then mixed with the recycled flue gas stream necessary to maintain the adiabatic flame temperature (ATF) in a reasonable level inside the boiler and also make up the missing N2 volume [8] . Hence, the combustion takes place in a nitrogen-free environment generating flue gas rich in CO2 and vapour, from which CO2 may be easily dissociated by cooling processing followed by cryogenic separation [9] . Since the oxy-fuel combustion consists of using oxygen instead of air as the oxidant gas, it results in producing a CO2-enriched flue gas that facilitates further purification in addition to reducing nitrogen oxides formation. On the other side, the main drawbacks of this technology are that the cost and energy demanded during the air separation process and the cryogenic separation are specially high, the technology is yet not mature to be scaled up industrially and several modifications would be necessary in current power plants facilities in order to incorporate such method [10] . Nonetheless, optimizing a power plant based on oxy-combustion might overcome some of these obstacles and be an alternative to the current post-combustion technologies on the market.
As aforementioned, one of the main challenges within this technology is the production of oxygen, which can be obtained whether by adsorption or cryogenic means with Air Separation Units (ASU). There exists an opportunity, at Mirfa Plant situated in Abu Dhabi, of utilizing waste oxygen produced from air separation unit, which provides gaseous nitrogen (GAN) for injection into on-shore gas reservoirs located in Habshan. This large quantity of high purity oxygen could be utilized for oxy-fuel power plant with CCS, which results in reducing the cost of operation and energy consumption of air separation units in addition to providing a stream of CO2 that can be used for EOR activities. The Mirfa plant, which started operation in June 2011, consists of two identical air separation trains producing 670,000 Nm3/h of GAN at a purity of less than 10 ppm oxygen in nitrogen, while the remaining stream composed by 71%mol oxygen is vented to the atmosphere.
This work focuses on finding a better application for this oxygen. Since most of the energy to produce pure oxygen is saved by using the waste oxygen from Mirfa Plant, oxy-fuel technologies might be a better alternative than postcombustion technologies. Ultimately, the techno-economic evaluation results should assess the feasibility of deployment of such technologies.
Methodology
Two integrated models of power plants fuelled by pulverized bituminous coal and natural gas were designed using Aspen Plus. For both cases, the integrated model comprises the Air Separation Unit (ASU), the steam cycle (Rankine cycle), a Carbon Dioxide Purification Unit (CPU) and either a Pulverized Fuel-Fired power plant or a Natural GasFired power plant. A basic scheme of the models is illustrated in Fig. 1 .
Particularly, this study aims to assess the oxy-fuel combustion option, due to the facility of removing CO2 from the flue gas when compared with post-combustion technologies. For each fuel choice, both options, with and without the CPU, were analysed and their respective energy efficiency and penalties presented. The ASU was designed based on the cryogenic distillation concept and the CPU was designed based on two flashes separation steps under cryogenic temperatures, both designing options were selected based on recent studies regarding carbon dioxide capture using oxy-fuel approach [11] [12] [13] . The power plant was designed based on the fuel choice and is coupled with a steam cycle (Rankine cycle) for the electricity co-generation. The only constrained parameter is the current mass flow rate of the current facility. Mirfa Plant currently produces 670,000 Nm 3 /h of gaseous nitrogen (GAN) highly pure with less than 10 ppm of oxygen. The remaining stream composed by 71%mol of oxygen and 29%mol of nitrogen accounts for 327,831 kg/h.
The main outputs analysed were the oxygen purity level after the ASU, the gross and net cycle efficiency, CO2 energetic penalty and auxiliary equipment energetic penalty.
Air Separation Unit (ASU)
A second ASU is proposed to obtain purer fractions of oxygen. The current oxygen-rich stream is composed by 71%mol of O2 whereas the optimum oxygen concentration must be higher than 95%mol. This second ASU may be replaced by increasing the efficiency of the ASU at Mirfa Plant. For this study, the second ASU was considered separately from the Mirfa Plant along with its energy and cost penalties.
The ASU simulation in Aspen Plus comprises a distillation column alongside with a heat exchanger, which is responsible to receive the gas mixture from Mirfa Plant and cool it down to cryogenic temperatures (-167 o C in this case) before the distillation column. The resulting nitrogen-rich stream exits the system whereas the oxygen-rich stream follows to the previous heat exchanger to be heated up to 25 o C for further applications. This system is represented in Fig. 2 and the model parameters of the simulation detailed in Table 1 . This ASU configuration is the same for the bituminous coal and natural gas cases. The distillation column parameters were first estimated using equations and the DSTWU block in the simulation program. Once estimative values were obtained for number of stages, reflux ratio and distillate rate, the same parameters were optimized using the RadFrac block in Aspen Plus to achieve more rigorous and accurate results. 
Natural Gas-Fired Power Plant
In this stage, the oxygen stream proceeds to a compressor to adjust the pressure of the natural gas feed, which pressure is also regulated by a valve. This pressure adjustment is important to obtain more accurate results with the simulation software. Both streams are fed to the boiler where the combustion takes place. The reactor block chosen for this study was the RGibbs model. The calculation option was set to calculate the phase and chemical equilibrium with no pressure drop and adiabatic operation. The flue gas follows to a heat exchanger where the heat produced is transferred to the steam cycle detailed in the next session. The cold flue gas then proceeds to a splitter block where the stream is separated into two fractions, one of which is recycled to the boiler in order to maintain the combustion temperature under reasonable levels whereas the other stream proceeds to the Carbon Dioxide Purification Unit (CPU). The stoichiometric excess of oxygen was set to ensure complete combustion and the fuel amount was determined using FORTRAN accounting this excess of oxygen. 
Steam Cycle
The Steam Cycle is based on the Rankine Cycle where condensed water passes through a pump to pressurize the stream to around 125 bar. The high-pressure water receive the heat produced in the combustion from the flue gas when it passes through the heat exchanger. The high-pressure water then becomes high-pressure steam and proceeds to a series of three steam turbines to produce electricity. The pressure turbines are named high-pressure (HP), intermediatepressure (IP) and low-pressure (LP) after the state in which the steam is found passing through them. Finally, the lowpressure steam proceeds to a condenser where it becomes low-pressure water and may restart the process. Fig. 3 represents the Steam Cycle simulation in the simulation software. The same configuration of Steam Cycle applies for both cases disregard the fuel choice.
Bituminous Coal-Fired Power Plant
The simulation with coal in Aspen Plus demands special care since the coal is a solid material composed by different compounds and cannot be considered a mixture of this elements such as the natural gas. The coal is considered a non-conventional (NC) material by the software. Firstly, the elementary, PROXANAL, SULFANAL and ULTANAL attributes are set up depending of the coal characteristics and composition. Then, the coal stream is decomposed into conventional compounds by a RYield reactor block yielding to fractions of carbon, oxygen, nitrogen, ash, among others. These compounds are fed to the boiler along with the oxygen-rich stream where the combustion takes place. The flue gas first proceeds to a separation step block where the ash is taken out and then continues to the heat exchanger so the heat produced in the combustion is transferred to the steam cycle. Before the cold flue gas proceeds to the CPU, the stream is also partially recycled to maintain the flame temperatures, increased by the combustion of the fuel in an oxygen-rich environment. The decomposition system and combustion chamber designed for this section are represented by Fig. 4 . The stoichiometric excess of oxygen was set to ensure complete combustion and the fuel amount was also defined using FORTRAN accounting this excess of oxygen. This work assumes the absence of a flue gas desulfurization unit (FGD) considering that the NOx and SOx are removed during CO2 purification at CPU. This assumption is in line with similar researches on this field [11, 12] . 
Carbon Dioxide Purification Unit (CPU)
The CPU system comprises a compressor followed by two series of one cooler and one flash separator. The cold flue gas is pressurized to 30 bar to facilitate the carbon dioxide removal. The pressurized flue gas proceeds to the first cooler where the temperature of the system is reduced to 10 degrees in order to condensate the water vapour. The stream proceeds to a dryer where the liquid water is removed from the system. The dehydrated flue gas undergoes another cooling step followed by a flash separator where the CO2 is separated from N2, O2, among other contaminants under cryogenic temperatures.
Results and discussion

Air Separation Unit (ASU)
This study explores firstly the air processing to ensure having a highly pure oxygen stream. The methodology chosen is based on the separation of oxygen from the other gases that compose the air by means of cryogenic distillation. After a series of adjustments and optimization, the parameters of the distillation column that best satisfied the requirements are summarized in Table 2 .
This system resulted in a stream composed by 99.9%mol of oxygen with a recovery ratio of 96% and a current mass flow equal to 231,800 kg/h. The energetic demand of the whole ASU facility corresponds to 51.7 MW. The waste stream was composed mainly by nitrogen (90.9%mol) with a mass flow rate of 96,000 kg/h. Finally, these results are valid for the Bituminous Coal-Fired power plant as well as for the Natural Gas-Fired power plant. 
Combustion chamber, steam cycle and energy cogeneration
The natural gas feed determined using FORTRAN was set to 50,994 kg/h and the heat generated by its combustion was transferred to the high-pressure water in the steam cycle producing 319.1 MW out of the series of three steam turbines. This value corresponds to a gross efficiency of 49% (LHV).
The flue gas produced is composed mainly by 59.2%mol of water, 9.4%mol of oxygen and 31.3%mol of carbon dioxide, NOx formation is negligibly small. From this stream, 65% was recycled to maintain the flame temperature and the other 35%, which corresponds to almost 282,827 kg/h, proceeded to the CPU.
Alternatively, for the Bituminous Coal-Fired power plant, the fuel feed was set to 95,100 kg/h. The heat generated from the combustion of the coal produced 288.2 MW from the steam turbines of the steam cycle system. The gross efficiency in this case was 43.6% (LHV). The smaller efficiency for coal was expected based on past researches comparing both fuels [11] .
The flue gas produced in this case is composed by 25%mol of water, 13.9%mol of oxygen and of 60%mol of CO2. NOx and SOx as expected for oxy-fuel combustion are negligibly small [12, 14] . From this stream, 65% was recycled to maintain the flame temperature whereas the other 35%, which corresponds to 231,727 kg/h, proceeded to the CPU.
Carbon dioxide Purification Plant (CPU)
After dehydration and cryogenic separation, the CO2 recovery ratio from the flue gas generated by the combustion of natural gas was 95%. The CO2 purity reached 96.7%mol in the liquid phase and the mass flow rate 138,251 kg/h. In the case of the Coal-Fired power plant, the CO2 recovery ratio was 96% with purity reaching 96.6% and mass flow rate of 228,915 kg/h. The optimized cryogenic temperature at the flash separation was set to be -90 o C for both cases. With lower temperature, the CO2 purity improves whereas the recovery considerably decreases. For instance, at -70 o C the CO2 purity achieves 98.2%mol but the recovery decreased to 77.4%. Alternatively, with higher temperatures the recovery improves whereas the concentration of contaminants increases in the liquid phase.
Nonetheless, even with over 95%mol of CO2 purity, neither products are suitable to be used for Enhanced Oil Recovery (EOR) applications since the oxygen concentration is slighter higher (3%mol in both cases) than the required for EOR activities (0.72%mol) [13] , leaving room for potential improvements for the CPU.
Net Efficiency and energetic penalties
The results regarding the power plants energy production, gross and net efficiencies, among other outputs are summarized in the Table 3 . From an energetic point of view, using natural gas as fuel is more advantageous than having coal. However, only after a full economic evaluation and sensitivity analysis will the fuel choice analysis be more accurate.
Having a CPU to capture CO2 results in loss of efficiency, 5.6% and 3.8% for coal-and natural gas-fired power plants respectively, therefore the CPU deployment should be assessed to check if the loss in efficiency will make the project become unfeasible. Once all the techno-economic evaluation for the oxy-fuel technology is done, the same assessment is to be performed based on post-combustion and pre-combustion technologies in order to compare the three methodologies. 
Conclusion
This work demonstrated that it is possible to find an effective application for the waste oxygen stream produced at the Mirfa Plant. Generating electricity along with the carbon dioxide capture is technically viable, however, an economic analysis should be performed to verify the economic feasibility of this model.
The two integrated models based on oxy-fuel combustion comprise an Air Separation Unit where the oxygen purity reached 99.9%mol. For one case, there exists a Bituminous Coal-Fired power plant, which gross efficiency reached 43.6% (LHV) whereas the net efficiency reached 30% (LHV). The energetic penalty by having a CO2 capture unit in this case accounted for 5.6% of energetic loss. The second case referred to a Natural Gas-Fired power plant, which gross efficiency accounted for 49% and the net efficiency for 36.4%, being the CO2 capture unit responsible for 3.8% of this efficiency loss. Considering only the technical results, having natural gas as fuel choice resulted in better results and showed to be more advantageous than bituminous coal. However, economic and sensitivity analysis should be performed to confirm this conclusion. Finally, the integrated models end with the CPU modelling where CO2 is compressed and purified. The purity and recovery of carbon dioxide are similar for both cases reaching from 95 to 96%mol of purity and 96% of recovery. Nevertheless, although the purity of CO2 fulfilled the requirements for Enhanced Oil Recovery (EOR) activities, the oxygen presence over the limit hinder its application for EOR.
In addition, future research using post-combustion and pre-combustion technologies should be performed to determine which technology is more suitable to optimize the utilization of the oxygen stream generated at the Mirfa Plant.
